ABSTRACT: King penguins Aptenodytes patagonicus are known to change their diving behaviour in response to changes in both prey location and their breeding status through the early stages of the breeding cycle (austral summer and autumn). However, little information exists on whether and how these changes affect the energy expenditure of such behaviour. By deploying heart rate and hydrostatic pressure data loggers, we investigated detailed changes in the dive time budgeting of king penguins during foraging dives across the breeding season, in the same individuals, and the associated changes in estimated oxygen consumption during those dives. Maximum dive depth, duration, bottom duration, feeding events (indicated by wiggles) per dive and post-dive duration increased through the study period. While a foraging dive later in the breeding season was energetically more costly than a dive earlier in the season, the overall rate of energy expenditure did not change, nor did energy cost per unit prey capture. These findings indicate an ability of king penguins to adjust their foraging dive behaviours through the summer and autumn without affecting the energetic costs of diving to capture prey. Such plasticity may be necessary to compensate for changes both in prey location and abundance, and in the energy requirements of the chick over time.
INTRODUCTION
Penguins show plasticity in their foraging behaviour, changing their diving patterns in response to variations in prey availability, prey type and energy requirements over time (e.g. Hull 2000 , Rodary et al. 2000 , Kato et al. 2003 , Tremblay & Cherel 2003 , Green et al. 2005b . King penguins Aptenodytes patagonicus are known to change their diving behaviour in response to changes in prey location. During the austral summer, king penguins that inhabit the southern Indian Ocean forage around the polar frontal zone at relatively deep depths, but go farther south to Antarctic waters in winter, where they are able to find prey by diving to shallower depths (Charrassin & Bost 2001) .
King penguins are also known to change their diving behaviour to best suit their stage of the breeding cycle. Although the start of the breeding cycle varies, it occurs for the majority of king penguins around the beginning of the summer in December. While foraging at this time, the birds need only obtain food for themselves. However, once the chick has hatched, from about late January onwards, the foraging parent must obtain sufficient food not only to sustain itself while brooding the chick (and hence fasting) but also to feed to the chick (Gauthier-Clerc et al. 2000) . When foraging, during both the incubating stage and at the chickrearing stage, the parents travel to the polar frontal zone to feed in summer (Charrassin & Bost 2001 ), but chick-rearing birds dive deeper than incubating birds (Charrassin et al. 1998) . The suggested reason for this is that deeper dives are undertaken to reach denser patches of myctophid fish (Zasel'sliy et al. 1985 , Charrassin et al. 1998 , the most common prey of king penguins , Pütz & Bost 1994 , so that a greater amount of food energy is obtained per dive (Charrassin et al. 1998 ). While such dives may use more energy (Tremblay & Cherel 2003 , Halsey et al. 2006a , it is assumed that net energy gain is higher, which is necessary to meet overall energetic requirements during brooding.
During foraging trips towards the end of summer and the beginning of autumn (March), king penguins tend to undertake foraging dives at a particularly high frequency (Charrassin et al. 1999) . At this stage of breeding, the now thermally emancipated chick needs to grow rapidly and build fat stores in preparation for the ensuing winter fast (Stonehouse 1960 , Weimerskirch et al. 1992 . The chick requires large quantities of food at a high rate , van Heezik et al. 1993 , Cherel et al. 1996 to fuel high energy requirements (Halsey et al. 2008) while it is still dependent on its parents. To accomplish this, at this stage of the breeding cycle, the parents spend shorter periods of time with the chicks (Weimerskirch et al. 1992) , and coupled with a high frequency of foraging dives to dense prey patches (Charrassin et al. 1999) , the parents can increase food provision to the chick. By mid autumn, the majority of surviving chicks are creching and this is when both parents can forage independently to feed the chick (i.e. without the limitation of ensuring that one parent is always with the chick, Charrassin et al. 1999) , thus lessening the demands on themselves. Furthermore, the energy demands of the chicks are reduced (Halsey et al. 2008) . However, by this time, myctophid fish have migrated to greater depths (Lancraft et al. 1991 , Kozlov et al. 1993 , which presumably makes them more difficult to capture. This reduces the foraging success of seabirds (Le Maho et al. 1993 ), including king penguins, which continue to undertake foraging dives at a high frequency (Charrassin et al. 1999) .
Summer and autumn are clearly periods of changing foraging challenges and energetic demands on breeding king penguins. The present study used implanted depth-heart rate data loggers to investigate both detailed changes in the behaviour of king penguins attempting to raise a chick, characterising changes specifically occurring in the patterns of foraging dives across the incubating and chick-rearing periods, as well as the associated changes in energy costs of those dives. A number of studies have investigated variations in the behaviour of king penguins at different times of the year and during different stages of the breeding cycle (Charrassin et al. 1998 , 2002 , Moore et al. 1999 , Charrassin & Bost 2001 ), but only one study has looked at how differing diving behaviour affects energy expenditure during foraging (Halsey et al. 2007b) . However, the latter study did not consider time of year. Indeed, macaroni penguins Eudyptes chrysolophus are the only seabird species for which changes in diving behaviour and energetics have been studied continuously over consecutive months (Green et al. 2005a (Green et al. ,b, 2009 ).
MATERIALS AND METHODS
Study birds and logger deployment. The study was undertaken at the French research station on Possession Island (46°25' S, 51°45' E), Crozet Archipelago, during 3 field seasons over consecutive austral summers (2002-03, 2003-04, 2004-05) . King penguins used in the study were male birds at the colony of La Baie du Marin. A total of 32 penguins incubating eggs was captured between November 2002 to January 2003 and between December 2003 to March 2004 (mean mass ± SE = 14.3 ± 0.1 kg). A custom-built depth and heart rate (fH) data logger (Woakes et al. 1995) was implanted into the abdominal cavity of each bird (surgical procedures are detailed in Froget et al. 2004 and Fahlman et al. 2005) . The data loggers (30 × 25 × 15 mm, 30 g [<1% of the mean body mass of a king penguin]) had 16 to 64 MB of memory and recorded fH and water depth (to an accuracy of 1 m) every second. Immediately after surgery, all birds and their eggs were returned to the exact site from where they had been captured. The implantation was performed at least 2 d after the egg exchange, so that each bird was settled on its egg and continued to incubate after the disturbance of handling and surgery. Between 15 and 20 d later, the nesting parent bird exchanged places with its returning mate and undertook a foraging trip at sea. The loggers were implanted in each bird in one of 2 years of data collection, and furthermore there was variation in the time of year when they were implanted (Table 1 ). There were also considerable differences in the duration that the loggers recorded field data (1 to 10 mo).
A tag typically used for marking fish was attached to the back of each bird and a picric acid mark applied to its front. These aided in identifying the birds for recap-ture and removal of the logger, which was undertaken either in the same season of deployment or the following season. The procedures for the removal of the loggers were similar to those for implantation. Over the 3 field seasons, a total of 20 loggers were retrieved. Of these, heart rate data had been recorded and could be extracted from 12 loggers (Table 1) . Data analysis. After retrieval of a logger, data were extracted, prepared and initially analysed using purpose-written computer programs in Matlab (v. 6.0, The MathsWorks). Data from December to April, inclusive, were statistically analysed. Mean values for all behavioural variables included in analyses and for heart rate were calculated for each bird and month. These data were tested for normality in GraphPad Prism (v. 3.0, GraphPad Software) using Kolmogorov-Smirnov tests. Further analyses of these data involved single and multiple linear regressions (fitted using the restricted maximum likelihood [REML] method) and were performed in the statistical package JMP (v. 7.0.2, SAS Institute). Data for all birds were present in each analysis and an individual was always included as a random factor. This variable accounted for differences between birds, which could be the result of differences in the foraging environment between the 2 years of data recording and/or differences in stage of the breeding cycle at any given time of the year, as well as physiological/morphological differences. Thus, despite the analyses involving pooled data for earlier and later breeding birds, and for 2 different years, the results provided valuable information on changes in diving behaviour and associated energetic costs in king penguins due to the progression of the year through summer and autumn.
Dive analysis. The analysis of data in the present study was based upon the foraging dives recorded for each penguin. Foraging dives were defined as dives with maximum depths greater than 50 m (Halsey et al. 2007a ). For each dive, the following features were extracted: dive duration (seconds), the post dive period (seconds), bottom duration (seconds), maximum depth (metres). We also determined the number of wiggles during the dive (which are significantly related to the number of ingestions recorded per dive and in king penguins occur mainly during the bottom phase; Bost et al. 2007 ) and the raggedness of the bottom phase of the dive (degree of raggedness in m s -1 , see Fig. 1 ). It was assumed that the relationship between number of wiggles and number of successful prey captures does not vary with time of year. The bottom phase of dives, the wiggles within dives and the degree of raggedness were identified using the criteria detailed in Halsey et al. (2007a) . Briefly, the bottom phase was identified as being from the first wiggle in the deepest 25% of the dive to the last wiggle within this same depth range. The degree of raggedness is calculated as the sum of the ranges in depth of the wiggles during the bottom phase divided by the duration of the bottom phase. A high degree of raggedness indicates a high rate of wiggles during the bottom phase of a dive and/or large changes in depth associated with those wiggles (Fig. 1) Dive behaviour data only, and not heart rate data, were available for this bird ) of the bottom phase. Dive 'b' has a higher degree of raggedness than dive 'a' because, while both dives have a similar bottom phase duration, the bottom phase of dive 'b' includes more wiggles (W 1-4 ) and those wiggles have a greater range of depth (see Halsey et al. 2007a for more details). Wiggle 3 of dive 'a' is shown enlarged as an insert to clarify how the range of depth of a wiggle is defined able metric when considering the distribution of prey, or visibility of prey, in the water column. A variable 'wiggle rate during the bottom period' (wiggles min -1 ) was derived from the number of wiggles during the bottom phase of the dive and bottom duration. The following ratios were derived from measured variables: bottom duration: dive duration and bottom duration: dive cycle duration. Mean fH in beats min -1 (fH dc ) for each dive cycle (the dive and the subsequent surface period), total number of heart beats (ΣH dc ) and the number of heart beats per wiggle as ΣH dc per wiggle, (i.e. the number of heart beats in a foraging dive cycle per prey capture event) were calculated.
The most suitable definition for the post dive period after a foraging dive in king penguins is unclear. Very shallow dives undertaken between foraging dives often represent subsurface travelling dives (Wilson 1995) . However, some non-foraging dives by king penguins are up to 20 m or even 30 m deep and their main function may be to aid in recovery from foraging dives, perhaps to accelerate the metabolism of excess lactate (Kooyman et al. 1992 , Ropert-Coudert et al. 2000 , Butler 2004 . Thus, in the present study, 2 definitions of the period after a foraging dive are considered. First, the surface period between a foraging dive and the next dive regardless of dive type (d sur ) was calculated, which may represent the main period of reloading the oxygen stores after the previous dive. Second, the period between a foraging dive and the next foraging dive (d for ) (Charrassin et al. 2002) was calculated. For both definitions, bout criterion interval analysis (Slater & Lester 1982) was used to eliminate all dives with surface periods that represented pauses between bouts (Halsey et al. 2003) . The bottom duration: dive cycle ratio, mean heart rate over the dive cycle (fH dc ) and the total number of heart beats in a dive cycle (ΣH dc ) were calculated based on both definitions of the post dive period (e.g. for fH dc : fH dc incorporating the surface duration until the next dive and fH dc incorporating the total post dive duration between foraging dives).
Mean values of each diving variable were calculated for each bird for each month. All the diving variables were normally distributed according to the Dallal & Wilkinson (1986) approximation of Lilliefors' method. Single linear regressions and then multiple linear regressions were used to examine trends in the mean values. For each regression model, the dependent variable was a diving variable, month was included as a continuous independent variable representing time into the breeding season and individual bird was included as a random factor. Multiple regressions also included at least one diving variable as an independent variable. There was no evidence from the analysis software of a problem due to the multicollinearity of the variables. Acceptance of significance was set at p < 0.05, and 0.05 < p < 0.1 was considered to represent a tendency. Plots of the residuals of the dependent variable against the predicted value of the dependent variable based on the linear regressions did not indicate heteroscedasticity in the data. Bevan et al. (1992) showed that over complete dive cycles (dive plus the subsequent surface period), mean fH can be used to estimate rate of oxygen consumption ( ).
is an indirect measure of metabolic rate that can be converted to rate of energy expenditure, though this requires additional assumptions concerning the metabolic substrate being utilised (Walsberg & Hoffman 2005) . In the present study, estimates and associated SE values of mean total oxygen consumed over the dive cycle (V O 2 ) were calculated from estimates and associated SEs of and measures and associated SEs of mean dive cycle duration. Estimated was calculated from mean fH dc calculated from multiple birds. This was achieved using conversion Eq. (1) derived in Fahlman et al. (2004) , which is suitable for swimming king penguins (Halsey et al. 2007b) . SE values of estimated (SE E ) were then calculated using the equation based on that derived by Green et al. (2001) , which was further developed and detailed by Froget et al. (2004) . Then, to obtain an estimate of V O 2 , the estimate of was multiplied by the duration of the mean dive cycle. The SE E values associated with an estimate of V O 2 were calculated based on the method for combining non-additive variances, given no correlation between dive cycle duration and (Goodman, 1960) : (1) where σ 2 _ is the variance of and σ 2 _dc is the variance of the dive cycle duration which, adjusted to incorporate SEs, takes the following form: (2) where dc is dive cycle duration, σ s _ is the SE E of and σ s _dc is the SE of the mean dive cycle. To compare estimates of mean V O 2 , a form of the proximate normal test for comparing the differences between 2 estimates was used (Green et al. 2001) .
RESULTS
A total of 56 438 dives were included for analysis. Of the behavioural variables tested (see Table 2 ), dive duration and maximum dive depth, both definitions of the surface period (post-dive surface duration until the next dive, and the duration of the post dive period
between foraging dives) and bottom duration all significantly increased over time throughout the summer and into the autumn, while the degree of raggedness significantly decreased over time (Fig. 2a-e) . The number of wiggles per dive tended to increase over time while there was a tendency for the number of wiggles per minute of the bottom phase to decrease. There was also a tendency for the ratio of both bottom duration versus dive duration and bottom duration versus dive cycle duration to decrease over time, i.e. the proportion of foraging dive time spent in the bottom phase of dives tended to decrease through the summer/autumn. The results of the multiple linear regressions undertaken in the present analysis are shown in Table 3 . The interpretation of these results can be summarised as follows:
(1) Time into the summer/autumn was a significant, positive predictor of dive duration after either maximum dive depth or bottom duration were controlled for, but not when both these variables were controlled for simultaneously. Thus, increases in maximum dive depth and bottom duration over time contributed to the increase in dive duration.
(2) Time into the summer/autumn did not predict the number of wiggles per dive when bottom duration was controlled for. Although wiggle rate during the bottom phase decreased over time through the summer and into the autumn, there was a tendency for the number of wiggles per dive to increase over time due to bottom duration increasing.
(3) Controlling for dive duration had a larger effect on the relationship between time into the summer/ autumn and the surface duration until the next dive than did controlling for maximum dive depth. Dive duration, therefore, had more influence than did maximum dive depth on this definition of the post-dive period. The relationship between the duration of the post-dive period between foraging dives and time into the breeding season was absent when we controlled for either dive duration or maximum dive depth; thus, both these diving variables had a strong, positive influence on this definition of the post-dive period.
There was no significant relationship between mean fH dc and time into the breeding season (Table 2) . However, there were significant, positive relationships between ΣH dc and time into the summer/autumn (Table 2) , which must, therefore, be due to increases in the duration of the dive cycle. However, while differences in fH dc or ΣH dc can suggest differences in energy expenditure (Froget et al. 2001 , Halsey et al. 2007c , differences between estimates of or estimates of V O 2 offer more compelling evidence in this regard (Halsey et al. 2007c) . Given the significant trend in ΣH dc , mean values of the 2 measures of ΣH dc across birds for each month from December to April, inclusive, were converted to estimates of mean total oxygen consumed during the dive cycle ( Table 2 . Aptenodytes patagonicus. Results of single linear regressions between various diving variables of foraging dives and time as month of the year (from December through to April, inclusive). Individual bird was included as a random factor. All significant relationships were positive except when the dependent variable was the degree of raggedness. Intercept indicates estimated mean values in December and gradient indicates the rate of change of the diving variable with time (per month). fH dc : mean heart rate over the dive cycle; ΣH dc : total heart beats over the dive cycle; d sur : surface duration until the next dive, d for : duration of the post dive period between foraging dives significant differences in estimates of mean V O 2 between December and all the later months (Table 4) . These significant differences, despite the relatively large SEs of the estimates, support the interpretation of a significant positive trend in ΣH dc through the summer (see also Halsey et al. 2007c ); i.e. the total energy costs of a foraging dive increase throughout the breeding season. However, there was no significant relationship between heart beats over the dive cycle per wiggle and time into the summer/autumn, suggesting that energy expenditure per prey capture did not change (Table 2) .
DISCUSSION
King penguins foraging during April (mid-autumn) dived deeper, had longer bottom times and longer total foraging dive durations, caught more prey per foraging dive (indicated by wiggles) and required longer recovery periods after foraging dives than they did when foraging in December (at the start of summer, Fig. 3) . A major influence on these changes in diving behaviour could be that myctophid fish, which are found in the vicinity of the polar front and are a primary prey of and April (grey dive profile) according to the means for those months of the following diving parameters: dive duration, maximum dive depth, surface duration until the next dive (d sur ), duration of the post dive period between foraging dives (d for ), bottom duration, number of wiggles, descent duration and ascent duration. The last 2 variables are not included in the statistical analyses of the present study. The start of the subsequent deep dive, i.e. after the duration of the post-dive period between foraging dives, is shown, while the end of the surface duration until the next dive is marked by a short vertical bar. The surface period for the April dive profile has a small vertical offset for clarity. Note that depth during the bottom phase, on average, slightly decreases from start to finish king penguins living in the Southern Indian Ocean, descend to greater depths as months progress from summer through to winter (Lancraft et al. 1991 , Kozlov et al. 1993 . Despite this, while there was an increase in the total energetic cost of each foraging dive per se (mean total oxygen consumed over the dive cycle) over time, there was no change in the rate of energy expenditure (mean heart rate over the dive cycle) nor in the energetic cost of each prey capture (heart beats per wiggle).
Behavioural changes over time
As the months progressed through summer into autumn, both the duration of foraging dives by king penguins and the depths of their foraging dives increased. All birds in the present study were incubating eggs at the time that data recording began and all were brooding later on in the summer. These findings are therefore in agreement with those of Charrassin et al. (1998) and Charrassin et al. (2002) , who recorded greater foraging dive durations and depths by king penguins once they reached the brooding stage of the breeding cycle, and Moore et al. (1999) who found that maximum dive depth increased between February and August.
In the present study there was also an increase in bottom duration of each dive, which although in part explains the increase in total dive duration, represented a reduced proportion of the dive and of the dive cycle over time. Thus, foraging dives into the autumn are not simply 'scaled-up' versions of those undertaken earlier in the summer (Fig. 3) . Rather, king penguins exhibit an adjusted proportional time budget during foraging dives in different parts of the incubating and chick-rearing seasons. It is during the bottom phase that the majority of wiggles by king penguins occur, which provide a proxy of prey capture events (Bost et al. 2007) . While there was a tendency for the wiggle rate during the bottom phase of a foraging dive to decrease over the season, due to the increase in bottom duration there was a tendency for the number of wiggles in a foraging dive to increase, i.e. the number Table 4 . Aptenodytes patagonicus. Mean total heart beats over the dive cycle (ΣH dc ) ± SE (where ΣH dc incorporates the surface duration until the next dive, d sur , and where it incorporates the duration of the post-dive period between foraging dives, d for ) and the estimates of total oxygen consumption over the dive cycle (± SE E ) associated with these heart beat measurements. In the 2 right-hand columns, values not accompanied by letters in common are significantly different from the others within the same column, p < 0.05. The values of ΣH dc were analysed by testing for significant trends (see text for details) of prey caught per dive probably increased over the season.
As prey are likely to be more available to king penguins during the bottom phase of the bird's dive than in other parts of the dive, the penguins in the present study were spending a smaller proportion of their dive time in areas of prey abundance in the autumn compared with the summer. This may indicate that into the autumn the king penguins were reaching the limits of their breath-holding capacity (Carbone & Houston 1994 ), e.g. the greater the depth to which they dived the more limited was their bottom duration. However, this finding is in contrast to that of Charrassin et al. (2002) who found a small increase in the proportion of the dive cycle spent in the bottom phase from summer into autumn. Perhaps this represents a difference in the type and/or distribution of prey available between the years studied in Charrassin et al. (2002) and in the present paper.
Pochards Aythya ferina consume less food during the bottom phase of a dive when food is less available (Carbone & Houston 1994) . Similarly, a reduction in prey density, or in detectability of that prey, as the breeding season progresses may explain the tendency for wiggle rate in king penguins during the bottom phase of foraging dives to decrease over time. If this is the case, it is probable that by increasing maximum foraging dive depths through the summer and autumn, king penguins are attempting to compensate for a gradual increase in the depth that myctophid fish inhabit by tracking the seasonal movement of the fish, to some degree, to limit the decrease in density of, or ease of detecting, prey in visited patches. This would mean that the plasticity observed in diving depth is directly attributable to changes in prey location and availability. In turn, the increase in bottom duration, which results in more prey captures per foraging dive at this time of year than earlier in the breeding season, can be interpreted as a direct response to the increasing energy demands of the chick. This assumes that prey size and energy content are constant over time. These increased bottom durations, and hence prey captures per foraging dive, raise the question as to why king penguins do not always undertake such dives with a long duration at the bottom. It is known that animals will not necessarily work optimally during periods of foraging under all conditions (Halsey et al. 2006b) , perhaps because there is simply not a requirement to do so. Charrassin et al. (2002) suggested that in the summer, availability of food may be sufficient so that king penguins can afford to spend a shorter amount of time at the bottom than they do later in the season. If this is the case it is unclear why surface periods between foraging dives are short during the summer, which suggests that time is a constraint. However, foraging dives with relatively short bottom durations may still be optimal under particular foraging circumstances. For example, Houston & Carbone (1992) developed a qualitative optimal foraging model for airbreathing divers that predicted bottom duration could increase with foraging depth up to a point when time during the bottom phase was being maximised. This was supported by laboratory data for foraging pochards (Carbone & Houston 1994) as well as the data from the present study.
The significant decrease in the degree of raggedness of foraging dives over time through the breeding season (close to 25% reduction between December and April) indicates that the range of depths of the bird in the water column while capturing prey decreased (Fig. 2e) . Such changes in diving behaviour may be indicative of changes in the vertical distribution of prey within patches. This trend contrasts with gentoo penguins Pygoscelis papua, which increase the raggedness of their dives over time as the austral summer/ autumn progresses. The change in raggedness of dives in gentoo penguins is probably due to a change in diet from benthic fish to crustaceans, which results in a switch from 2 dimensional benthic foraging to 3 dimensional pelagic foraging (Lescroël & Bost 2005 ). There are a number of possible explanations for the reduction in raggedness of king penguin foraging dives over time. For example, the anti-predator responses of the prey may affect the raggedness of foraging dives; perhaps earlier in the year the species of myctophid fish upon which king penguins prey ) scatter more rapidly upon detection. Indeed, greater scattering may also explain shorter bottom durations in the summer; king penguins may prefer to return to the surface in such cases and prepare for a new dive while allowing the prey to reform into a denser patch.
Changes in diving energetics over time
In king penguins, in contrast to most other penguins, the period of highest energy demand on them (during chick rearing) is not restricted to the summer when food availability is at its highest. The total energetic demand on king penguins is likely to increase through the summer months and then continue to increase into the autumn (Charrassin et al. 1999 ). The present study provides evidence to confirm that due to the increased duration of foraging dive cycles over time, which results from both the increases in dive duration and in surface duration, the total energy cost of a foraging dive cycle for king penguins was higher in later months.
However, there was no increase in the rate of energy expenditure during foraging dives. It is now known how changes in diving behaviour during deep dives affect the energy costs of those dives in king penguins during the summer. Halsey et al. (2007c) found that the rate of energy expenditure over the dive cycle increased when maximum dive depth and post-dive surface duration increased, and when foraging dive duration and bottom duration decreased. In the present study, as the summer progressed and autumn ensued, these 4 diving variables all increased (Fig. 2a-d) . Therefore, they appear to have cancelled themselves out, resulting in a more or less consistent rate of energy expenditure during foraging dives through the summer and autumn. This finding is somewhat in contrast to the seasonal energetics of macaroni penguins, which show a reduced rate of oxygen consumption during diving behaviour in winter compared with that in summer (Green et al. 2005a ). Green et al. (2005a) suggest that changes in the distribution of fat stores and the presence of post-moult feathers may affect thermal conductance sufficiently to explain their observations. Furthermore, due to the increase in the number of wiggles as foraging dive duration increased over time, the energy costs of diving per prey item captured did not change as the season progressed. Thus, despite the fact that myctophid fish inhabit deeper waters later in the summer and into the autumn, king penguins do not invest more energy per unit prey captured. This may be crucial to the breeding success of king penguins as they increase the number of prey captures through the breeding season in response to the increasing quantity of food required by the growing chick.
The recovery element of foraging dives
The increase in surface duration through the summer/autumn is most strongly associated with the increase in duration of foraging dives. This is consistent with the positive relationships between surface duration and dive duration found in many other species of penguin (e.g. Tremblay & Cherel 2003) . Presumably this reflects the increased recovery time required after the longer, and hence generally more energetic, dives that are undertaken as the breeding season progresses throughout the summer and autumn. In turn, the relatively small effect of maximum depth of foraging dives on changes in d sur to any depth over time suggests that the depth of foraging dives per se does not have a large effect on the energetic costs of the dive for king penguins, at least the aerobically metabolised component, which supports the findings of Halsey et al. (2007c) .
However, in terms of the duration of the period between one foraging dive and the next (d for ), not only the increase in dive duration, but also the increase in maximum depth over time, is strongly associated with the increase in surface duration. If at least some of the shallow dives between foraging dives aid in lactate metabolism then we might expect the duration of time spent in these shallow dive cycles to increase after longer foraging dives, as is shown by the increase in the duration of d for through the breeding season. Therefore, this may offer support for a significant degree of anaerobic metabolism by king penguins during relatively long dives, as has been suggested by Kooyman et al. (1992) . Also, such an anaerobic component to long foraging dives may increase through the summer and into the autumn as the duration of dives increases. However, the increase in duration of the postdive period between foraging dives as a function of the depth of foraging dives as well as of their duration (as also reported by Charrassin et al. 2002) may indicate that the function of some of the subsequent shallow dives is, at least in part, to stop the onset of decompression sickness caused by super-saturation of nitrogen gas in the blood and tissues (Kooyman 1989) . This is because deeper dives allow a greater absorption of nitrogen gas into the blood from the respiratory system (Kooyman & Ponganis 1998) . Fahlman et al. (2007) have suggested that the relatively shallow dives, which can still be several tens of metres deep, may be undertaken after a deep foraging dive, or series of deep dives, to help remove nitrogen that has built up in the adipose tissues. Thus, as the summer progresses into autumn and foraging dives by king penguins become deeper, the greater time spent between such dives, which includes more frequent shallow diving, may be to avoid decompression sickness.
CONCLUSIONS
The changes in the dive-time budgeting of king penguins foraging over the summer and autumn months, coupled with the tendency for the number of wiggles per foraging dive to increase, are evidence for an ability of king penguins to adjust their behaviours to increase the number of prey captures per dive. King penguins are able to keep the cost of prey capture constant despite these differences. Such plasticity may be fundamental for king penguins to be able to rear a chick through the summer and autumn, in the face of changes in both prey availability (Charrassin et al. 2002) and the energetic demands of the chick, such that the chick is able to withstand the winter fasting period (Weimerskirch et al. 1992) . 
